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Summary: Brain creatine kinase (CK)-catalyzed phos phorus flux from phosphocreatine (PC) to ATP was mea sured in vivo in young adult mice made reversibly hyp oxic by injection of cyanide. Phosphorus spectra and sat uration transfer measurements of CK-catalyzed flux were acquired using a high-field (8.45 T) nuclear magnetic res onance (NMR) spectrometer. After low cyanide doses (1-3 mg/kg of body weight), there were no measurable changes in brain pH or in concentrations of PC, the nu cleoside triphosphates (including ATP), and Pi' The CK catalyzed phosphorus flux increased about 75% after the low cyanide dose. Higher doses (4-6 mg/kg) produced a From studies of skeletal and cardiac muscle, it is generally thought that the phosphocreatine (PC) creatine kinase (CK)-ATP reaction provides a rap idly available reserve for maintaining cell ATP con centration under conditions of energy deficit or high energy demand (Newsholme et ai. , 1978; Siesj6, 1978; Meyer et ai., 1982) . The physiology of this system has been studied little in brain. Mature brain, like muscle, has cytosolic and mitochondrial CK isoforms (Jacobus and Lehninger, 1973) . Unlike muscle, brain has at least two cytosolic isoforms with different regional and cellular distributions (Ramirez and Licea, 1982; Ikeda and Tomonaga, transient 30-40% decrease in PC concentration, doubling of Pi' and a 0. 2 unit decrease in pH. The CK-catalyzed phosphorus flux decreased 50-80% after the higher cya nide doses. This decrease in phosphorus flux was present long after reactant concentrations returned to precyanide values. It is proposed that the increase in brain CK catalyzed phosphorus flux with the lower cyanide doses is due to an increase in ADP concentration. The large, prolonged decrease in CK-cat&lyzed reaction rate in the moderately poisoned brain may be due to loss of activity of the mitochondrial CK isoform. Key Words: Brain Creatine kinase-Cyanide-NMR.
1988; Hamburg et aI. , 1990) . The mitochondrial CK isoform, which is present only in electrically excit able tissue and is associated with a high PCI ATP ratio, is a different isoform in brain than in skeletal or cardiac muscle (Hossle et aI. , 1988) . In the de veloping rat and mouse brain, the forward CK catalyzed reaction rate (from PC to ATP) measured in vivo increases approximately threefold in a very brief time period, which may be coincident with the maturational increase in the brain mitochondrial CK activity measured in vitro (Booth and Clark, 1978; Reiss, 1988; Holtzman et aI. , 1991; Holtzman and Wallimann, 1991) .
Hypoxia, an important clinical problem, is a use ful experimental condition for studying the physiol ogy of cell energetics. In hypoxic skeletal and car diac muscle, PC is almost fully depleted before the A TP concentration begins to decrease (McGilvery and Murray, 1974) . In the reversibly hypoxic brain, in vivo nuclear magnetic resonance (NMR) studies and chemical studies of rapidly frozen tissue have shown that the PC concentration drops 30-50% and the pH decreases 0.2 units while ATP does not change (Siesj6 and Nilsson, 1971; Prichard et aI. , 1983; Hilberman et aI., 1984) . These concentrations are maintained as long as cerebral blood flow is adequate (Siesj6, 1978; Prichard et aI., 1982; McIl wain and Bachelard, 1985) . The cellular mecha nisms that are involved in maintaining ATP concen trations in the brain during an energy deficit state are not known.
The effects of reversible cyanide poisoning on brain high-energy phosphates and pH, as measured in vivo by 31p NMR, are the same as those seen with hypoxia (Decorps et aI. , 1984; Peres et aI. , 1988) . The concentration of PC transiently de creases about 30%, Pi increases, and ATP is un changed. The intracellular pH drops about 0.2 units. Cyanide, which binds with the ferric ion, non competitively but reversibly blocks O2 binding to cytochrome oxidase at the terminus of the electron transport chain (MacMillan, 1989) . Light micro scopic study of the acutely cyanide-poisoned brain shows minimal changes similar to those seen with hypoxia (MacMillan, 1989) .
In this report, we describe the effects of revers ible cyanide poisoning on brain CK-catalyzed phos phorus flux from PC to ATP and on the reactant concentrations measured in vivo by 31 P NMR spec troscopy. The CK reaction rates vary as much as eightfold during and after cyanide poisoning. The CK-catalyzed phosphorus fluxes increase about 75% with mild hypoxia (i. e. , no change in brain PC concentration) and decrease 50-80% with moderate hypoxia (i.e. , 30% decrease in brain PC concentra tion). These changes in in vivo CK-catalyzed phos phorus fluxes may be a component of the metabolic adaptation responsible for maintaining cellular ATP in the hypoxic brain.
MATERIALS AND METHODS

Animals
Male CD-l albino mice were obtained from Charles River Breeding Laboratories (Wilmington, MA, U.S.A.) at 35 days of age. All animals were maintained with a maximum of five per cage at 23°C with regular light-dark cycles. In preparation for the NMR experiment, an ani mal was anesthetized with intraperitoneal pentobarbital (20 mg/kg of body weight) before being bound with adhe sive tape. In preliminary studies, phosphorus spectra and results of saturation transfer (ST) experiments were the same with the scalp intact or with scalp muscles removed from under the surface coil. For this reason, all results in this report were obtained with the scalp intact. The bound animal was positioned in the NMR probe with the parafilm-covered, single turn (0.8 cm outer diameter) cop per surface coil centered on the head between the su praorbital ridge and the occipital prominence. Adhesive tape was placed under the mandible and over the surface J Cereb Blood Flow Metab. Vol. 13, No. I, 1993 coil in order to maintain the head position during the ex periment. If necessary, a smaller dose of pentobarbital (5 mg/kg) was given after placing the animal in the probe. No further anesthetic was given after the probe was placed in the magnet.
P NMR spectra
Spectra were acquired in the Fourier transform mode at 145.587 MHz using a custom-built spectrometer and an Oxford 8.9 cm vertical bore superconducting magnet (8.45 T). The radiofrequency surface coil antenna was matched and tuned to the 3 1 p frequency with the animal in the probe. Magnetic field homogeneity was optimized to a linewidth of 0.11-0.27 ppm by shimming on the brain water lH signal. Spectra were acquired with an approxi mate 90° pulse duration of 10 or 15 fLS (50 W) and a 10 s delay between acquisitions. The 90° pulse width for each experiment was that which maximized the PC signal. The 10 s delay between acquisitions was chosen in order to allow at least 98% longitudinal relaxation of PC (approx imate Tl = 3 s; Holtzman et aI., 1991). The spectral width was 14,000 Hz. For each spectrum, 512 time domain points were collected and zero filled to 4,096. Generally, 16 time domain spectra (i.e., free induction decays) were acquired in less than 3 min. The averaged free induction decays were multiplied by an exponential line broadening corresponding to 0.06 ppm (20 Hz) before Fourier trans forming to the frequency domain. The zero value of the frequency scale was set routinely at the PC resonance frequency.
Relative concentrations of PC and Pi were determined by computer integration of areas under the respective peaks after the baseline was flattened using the convolu tion difference technique (Ackerman et aI., 1980) . The relative nucleoside triphosphate (NTP) concentration was calculated from the 13-NTP peak, since of the NTP peaks only this signal has no contributions from other phospho rus nuclei (Gadian, 1982) . The ATP concentration was assumed to comprise 70% of the total NTP concentration under nonhypoxic conditions in the rodent brain (Lolley et aI., 1961; Chapman et aI., 1981) . The pH was calculated from the chemical shift of Pi relative to that of PC (Moon and Richards, 1973; Petroff et aI., 1985) . The Pi peak often broadened, suggesting intracellular compartments of different pH values after the cyanide injection. Be cause more than one probable Pi peak was not consis tently seen in these spectra, pH was calculated from the center frequency of this broad Pi peak.
Saturation transfer experiments
As shown in Fig. 5 , rates of CK-catalyzed phosphorus transfer from PC to A TP were determined using the ST experiment (Forsen and Hoffman, 1963; Meyer et a!., 1982; Alger and Shulman, 1984) . Applying this technique using a surface coil is well established (Shoubridge et aI., 1982; Degani et aI., 1987; Holtzman et a!., 1989 Holtzman et a!., , 1991 . Selective saturation of the signal from the "I-phosphate group of ATP ('Y-ATP) was achieved using a 5 s pulse centered on the 'Y-NTP resonance frequency with suffi cient power to annul the signal within 100 ms (see Fig. 5 ). Following this saturating pulse, a high-power, nonselec tive acquisition pulse was applied and the free induction decay was acquired to record the net z magnetization. The following saturating pulse began after a delay of 0.5 s. The total interpulse interval was less than 6 s. Control spectra, for partial saturation of the PC signal, were ob-tained with the saturation pulse frequency set a distance equal to that between PC and "y-NTP on the opposite (downfield) side of the PC peak (see Fig. 5 ). Control and saturation spectra were the average of 16 or 32 acquisi tions.
Phosphorus fluxes in the complex CK-catalyzed reac tion PC + ADP + H+ � creatine + ATP were analyzed using the following idealized first-order exchange model (Forsen and Hoffman, 1963; Meyer et al., 1982; Alger and Shulman, 1984) :
In this model, the unidirectional pseudo-rate constant k is equal to the ratio of the chemical flux to the substrate concentration. Use of the pseudo-rate constant does not imply that the CK-catalyzed reaction is first order. The ratio of chemical flux to substrate concentration is mea sured directly in the ST experiment. The pseudo-rate con stant for the forward direction kf was obtained from the NMR study as
Ms where T1 is the spin-lattice or longitudinal relaxation time of PC in the absence of chemical exchange, J is the chem ical flux, Ms is the PC signal in the presence of the "y-ATP saturating pulse, and Mo is the PC signal in the presence of the control pUlse. The ratio (Mo -M.)/Ms was calcu lated from the integrated PC peak areas of the saturated spectrum and of the computer-derived difference be tween the control and saturated spectra. A PC T 1 value of 3.0 s was used as previously estimated by the progressive saturation technique (Holtzman et aI., 1991) . For calcu lation of fluxes, a PC concentration of 10 mM was used. This concentration is based upon the following observa tions in the anesthetized adult rodent brain: the ATP con centration is 3.0 mM as measured in the mouse and rat brain (Lolley et aI., 1961; F olbergrova et aI., 1972; Lust et al., 1989) , ATP comprises 70% of the total NTP concen tration (Lolley et aI., 1961; Chapman et aI., 1981) , and the PCINTP ratio is approximately 2.5.
Reaction rate calculations
To determine whether changes in substrate concentra tions could account for the observed changes in flux, a kinetic model of the CK enzyme system was used (Ku priyanov et aI., 1984) . The model describes the kinetics of a two substrate, two product, single enzyme system with a ternary intermediate complex. Substrate concentrations were based on the results of the NMR studies. Since ki netic constants for mouse brain have not been measured, the relevant values for ox brain cytosolic CK were used (Jacobs and Kuby, 1970) . A computerized iterative tech nique was used to calculate flux changes with changes in PC, creatine, ADP, and ATP concentrations under the low and high cyanide conditions.
Experimental design and statistics
Animals were studied either by acquiring spectra or by performing the ST experiment before giving potassium cyanide (1, 3, or 4-6 mg/kg of body weight) and then every 3 min after giving cyanide. The solution of cyanide in distilled water was made fresh each day at a concen tration that allowed an intraperitoneal injection of about 0.1 cc. For each animal studied with serial spectra, the postcyanide spectra were normalized to the precyanide spectrum. The postcyanide spectral changes were ex pressed as a percent of the precyanide spectra peak areas. The mean values for each time point were calculated. The pseudo-rate constants and phosphorus fluxes after cya nide were expressed as a percent of the precyanide values in the same manner.
Statistical analyses were performed using SAS soft ware, Version 6.03 for the personal computer (SAS Insti tute, Cary, NC, U.S.A.). Initially, the animals treated with different doses of cyanide were compared using a repeated measures analysis of variance (ANOV A) to ex amine changes in the response over time and to determine the effects of cyanide administration. Only time points with measurements from at least three animals were in cluded in the analyses. Post hoc comparisons were per formed if significant mean effects were detected. Linear contrast procedures (Kleinbaum et aI., 1988) were used to test differences within a group (e.g., percent change in PC at 12 versus 0 min in low-dose animals). Tukey's pairwise comparison procedure was used for comparisons be tween groups (e.g., comparing changes in PC in low-dose versus high-dose animals at 12 min). Probability values <0.05 were considered significant.
RESULTS
The range of cyanide doses used in these studies produced a reversible intoxication. An experiment was terminated when changes in the NMR spec trum began to show increased noise due to move ment of the animal. Animals still were sedated when removed from the probe. They usually recovered normal activity within 20 min after completion of the experiment. The time course of recovery was the same for all cyanide doses, suggesting that it reflected the pentobarbital anesthesia. In prelimi nary studies, cyanide doses higher than 6 mg/kg produced an 80% mortality.
The effects of cyanide on brain PC, Pi' and NTP concentrations were dependent upon the dose (Figs. 1-3) . The lower doses (l or 3 mg/kg) resulted in no consistent changes in the concentrations of phosphorus compounds. The higher cyanide doses (4-6 mg/kg) produced a transient decrease in the PC concentration, which was maximal (3�0% less than the precyanide peak areas) at 6-9 min and was not significantly different than precyanide values by 30 min (Fig. I) . Coincident with the decrease in PC concentration, the concentration of Pi doubled within 6 min after injection of the higher cyanide doses and returned to baseline values by 30 min (Fig. 2) . The NTP concentration showed small de creases, which were not significant, after each of the higher cyanide doses (Fig. 3) . A decrease in pH was seen, consistently, in ani mals receiving the higher cyanide doses (Fig. 4) . The precyanide brain pH values were between 7.1 and 7.2. There were no changes in brain pH in an imals receiving cyanide at doses of 1 or 3 mg/kg. Animals receiving 4-6 mg/kg showed a transient de crease of 0.2 pH units. The time course of the de crease in pH was the same as the time course of the changes in the concentrations of PC and Pi' reach ing a maximum at 6 min and returning to normal values by 20-30 min.
The forward CK-catalyzed phosphorus flux showed two different responses to cyanide injec tions ( Figs. 5 and 6 ). Because the brain 31p spectra indicated no large changes in any of the measured concentrations including the pH after the 1 and 3 mg of cyanide/kg of body weight doses, the ST exper iment results were combined for this mild cyanide intoxication. Prior to the cyanide injection, the pseudo-rate constants ranged from 0. 18 to 0. 30 s -I.
In animals receiving the lower doses (1-3 mg/kg), the kf increased �75% within 6 min. The kf values were returning towards normal between 40 and 60 min after the injection. Since no changes in brain PC concentration were seen in animals receiving expressed as a percent of the precyanide concentration, were measured from the f3-NTP peak area in serial 31 P NMR brain spectra as described in the Materials and Methods sec tion and Fig. 1 . The mean ± SO of the percent changes in NTP concentration are shown for four to six experiments at each postcyanide time point. There were no significant changes in the NTP concentration.
these lower cyanide doses, the CK-catalyzed phos phorus fluxes increased to the same extent as the measured kf values. In animals receiving the higher cyanide dose (4-6 mg/kg of body weight), the kf measured by the ST experiment for the CK-catalyzed reaction de creased 50-70% ( Figs. 5 and 6 ). Since the brain PC concentration decreased about 30-40% in these an imals (Fig. 1) , the phosphorus flux decreased as much as 80%. The maximal decreases in kf and flux occurred between 10 and 20 min after the cyanide injection. From 20-60 min, there was a small in crease in the forward phosphorus flux due to the recovery of the brain PC concentration. In two ex periments in which the fluxes were measured for 90 min after 4 mg/kg of cyanide injections, the kf re mained 70% decreased compared to the pre cyanide values. As in the other animals receiving this cya nide dose, the changes in brain PC and Pi concen trations and in pH reversed completely within 30 mm.
For the low-dose experiments, calculation of CK kinetics predicts that a sixfold increase in ADP con centration from 10 to 60 i-LM would result in an 85% increase in flux. This calculation assumes near equilibrium conditions, initial concentrations of 10 mM PC, 1 mM creatine, and 3 mM ATP, and pH 7. 15. These initial concentrations are consistent with an initial ADP concentration of 10-20 i-LM. With hypoxia, the PC concentration would be ex pected to decrease and creatine to increase if total PC to ATP before (A) and during (8) moderate poisoning with potassium cyanide (4 mg/kg of body weight). The peaks are identified in the control spectra (a). These control spectra were acquired after a 5 s saturating pulse was applied an equal distance from the PC peak on the opposite side from the "y-NTP resonance frequency. as indicated by the arrow. The saturated spectra (b) were acquired after a saturating 5 s pulse was applied at the "y-NTP frequency, as indicated by the arrow. The difference spectrum (c), the control minus the saturation spectra, shows the transfer of saturation as a decrease in the PC signal. Spectra a and b were the averages of 32 acquisitions with 20 Hz line broadening applied. Details of the saturation transfer experiment are given in the Materials and Methods section.
creatine is unchanged. The ATP concentration also may show a small decrease or it may be maintained by the decrease in PC and another adenosine moi ety. These changes, plus a small decrease in ATP, would be too small to detect by NMR (Gadian, 1982) . For the high-dose experiments, the kinetic calcu lations predict that a 30% decrease in PC would result in an approximately 50% decrease in phos phorus fluxes. The observed 0.2 unit drop in pH would decrease the phosphorus flux while the pre sumed increases in Cr and ADP would increase the flux. Combining these effects should result in an approximately constant flux. The observed fourfold decrease in flux can not be explained by reactant changes.
DISCUSSION
The effects of the higher cyanide doses on brain phosphorus compounds and pH are the same as those previously described, including a transient 30% decrease in the PC concentration, an increase J Cereb Blood Flow Metab. Vol. 13. No. 1. 1993 in Pi' and a 0. 2 unit drop in pH (DeCorps et al., 1984; Peres et al., 1988) . These changes have been described in association with the loss of electrocor tical activity. Similar changes in brain 31p NMR spectra and electrocortical activity occur in hypoxic animals (Prichard et al., 1983; Hilberman et al., 1984; Hope et al., 1987) . In both hypoxia and cya nide poisoning, the brain ATP concentration does not change. These similar responses suggest that the metabolic effects of cyanide inhibition of cy tochrome oxidase and the effects of decreased tis sue O2 resulting from hypoxemia are the same in brain (MacMillan, 1989) .
Quantitative interpretations of changes in reac tant concentrations in vivo must take into account the characteristics of in vivo NMR spectroscopy. Since the signal-to-noise ratio for the I3-NTP signal was usually about 7: 1 in these experiments, changes of less than 15% in the NTP signal would not be seen. The undetectable loss in ATP could be more than 20% since the signals from ATP and the other NTPs cannot be distinguished by NMR and ATP represents about 70% of brain NTP (Lolley et al., 1961 ; Chapman et aI., 1981) . The cyanide-induced decrease in brain PC concentration can be mea sured using the NMR spectral changes, remember ing that these spectra average signals from a mix of cell types and regions in which PC may not be evenly distributed (Siesj6, 1978) . The region from which the signals are received is predominately the superficial cerebral cortex near «0.8 cm) the sur face coil (Gadian, 1982) . The normal brain PC concentration is about 10 mM as calculated from in vivo NMR results and the generally accepted in vitro A TP concentration is 3 mM (see the Materials and Methods section). The concentration of PC, which represents most of the total creatine in brain, comes from the recognition that ATP provides only about 60-70% of the NTP signal (Lolley et aI., 1961; Chapman et aI., 1981) . The reversible 30% decrease in PC concentration with moderate cyanide poisoning represents a 3 mM decrease. If PC is the source for the Pi increase in the cyanide-poisoned brain with unchanged ATP, the doubling of Pi under these conditions indicates a Pi concentration of 3 mM in the lightly anesthetized mouse brain. This result agrees with a brain Pi con centration of 3. 08 mM measured after biochemical extraction (Woznicki and Walker, 1980) . The de-creases in PC in the cyanide-poisoned and in the hypoxic brain are temporally associated with a 0.2 unit decrease in intracellular pH. If ADP and ATP are unchanged, this decrease in pH would produce the 25-40% decrease in PC concentration by mass action (Nioka et aI. , 1987) . Thus, there may be no imbalance in the rates of ATP and PC synthesis versus rates of utilization in the moderately hypox ic, acidotic brain.
Brain CK-catalyzed phosphorus fluxes, mea sured in vivo, show large changes under the condi tion of cyanide poisoning. These changes in CK catalyzed reaction rates have not been described before with either in vivo or in vitro techniques. Assuming no change in the T\ value for PC, the forward CK-catalyzed phosphorus flux in brain al most doubles during and after mild cyanide poison ing. Because the PC and ATP concentrations are not changing, the reverse flux in this one-step reac tion also must increase transiently. As concluded from calculations of the CK reaction rates, an in crease in ADP concentration, which would not be seen by NMR, could result in the observed increase in CK-catalyzed reaction rates.
If one again assumes no change in the T\ for PC, moderate cyanide poisoning produces, in addition to the transient decreases in PC and pH and the increase in Pi' a prolonged fourfold decrease in CK catalyzed reaction rates. In contrast to the in creased reaction rates with low cyanide doses, the prolonged decrease in the forward CK-catalyzed flux, during and after moderate cyanide poisoning, cannot be explained by kinetic calculations. The stable decrease in PC and the unchanged NTP con centrations suggest that the forward and reverse CK-catalyzed rates are equally decreased under these conditions. The prolonged decrease in CK re action rates probably is not due to a direct effect of cyanide since the recoveries of PC, H+, and Pi con centrations are complete while CK activity is still low. Calculations of the effects of reactant concen trations on CK-catalyzed reaction rates assume uni form CK kinetics (i. e. , a single isozyme), noncom partmentalized substrates, and near-equilibrium conditions (Kupriyanov et aI., 1984) . The first and, possibly, the second assumptions are not valid for brain.
The cyanide-induced changes in CK-catalyzed reaction rates may be part of a complex adaptation in A TP metabolism, which is critical in preserving cerebral cortical cellular A TP concentration in an energy deficit state. These proposed changes in A TP metabolism include altered control or rate of oxidative phosphorylation and, if rates of ATP syn thesis are decreased, a necessary inhibition of AT- All fluxes were measured by 'Ip NMR spectroscopy using the ST technique and the same 8.45 T spectrometer. Concentrations of PC and phosphorus fluxes are expressed as a percentage of the values measured in the brains of normal adult mice (35-50 days of age) in each study. References for the experimental results are given in the footnotes. a Holtzman et al (1989 ( ). b Holtzman et al. (1991 . , This publication.
Pase activities (Duckrow et aI. , 1981) . A mechanism for the decreased CK-catalyzed reaction rate in the moderately hypoxic brain is suggested by the ob servation that the same low CK-catalyzed reaction rate is measured in the very immature brain and in adult mice fed a creatine analogue, f3-guanidinopro pionic acid (Table 1 ). The maturational appearance of the faster CK-catalyzed reaction rate appears to be associated temporally with the appearance of the mitochondrial CK isoform in the developing brain (Booth and Clark, 1978; Holtzman and Wallimann, 1991) . This association of the more rapid CK reac tion rate with the presence of the mitochondrial CK isoform in brain suggests the hypothesis that mod erate cellular hypoxia causes a loss of brain mito chondrial CK activity.
